Incomplete spinal cord injury promotes durable functional changes within the spinal locomotor circuitry. J Neurophysiol 108: 124 -134, 2012. First published April 4, 2012 doi:10.1152/jn.00073.2012.-While walking in a straight path, changes in speed result mainly from adjustments in the duration of the stance phase while the swing phase remains relatively invariant, a basic feature of the spinal central pattern generator (CPG). To produce a broad range of locomotor behaviors, the CPG has to integrate modulatory inputs from the brain and the periphery and alter these swing/stance characteristics. In the present work we raise the issue as to whether the CPG can adapt or reorganize in response to a chronic change of supraspinal inputs, as is the case after spinal cord injury (SCI). Kinematic data obtained from six adult cats walking at different treadmill speeds were collected to calculate the cycle and subphase duration at different stages after a first spinal hemisection at T 10 and after a subsequent complete SCI at T 13 respectively aimed at disconnecting unilaterally and then totally the spinal cord from its supraspinal inputs. The results show, first, that the neural control of locomotion is flexible and responsive to a partial or total loss of supraspinal inputs. Second, we demonstrate that a hemisection induces durable plastic changes within the spinal locomotor circuitry below the lesion. In addition, this study gives new insights into the organization of the spinal CPG for locomotion such that phases of the step cycle (swing, stance) can be independently regulated for adapting to speed and also that the CPGs controlling the left and right hindlimbs can, up to a point, be regulated independently.
DURING UNRESTRAINED TREADMILL WALKING in a straight path, increase in walking speed is achieved by an overall decrease of the step cycle duration. This is due, in large part, to the shortening of the support phase (stance), since the duration of the swing phase changes only little with increasing speed (Goslow et al. 1973; Grillner et al. 1979; Halbertsma 1983) . The same finding has been reported in spinalized animals during treadmill locomotion (Forssberg and Grillner 1973; Naito et al. 1990 ) and fictive locomotion (Dubuc et al. 1988; Frigon and Gossard 2009; Leblond and Gossard 1997; Pearson and Rossignol 1991) . The relationships between cycle period and phase duration can, however, be changed by supraspinal drive (Armstrong 1988; Drew 1991; Frigon and Gossard 2009; Yakovenko et al. 2005 ) and sensory signals McCrea 2001; Pearson and Rossignol 1991; Saltiel and Rossignol 2004) . Therefore, we investigated the capacity of the locomotor networks to adjust the cycle structure to speed in a dual spinal lesion paradigm where the nature and amount of supraspinal drive is drastically changed serially. This is the unique approach that allows us to compare the recovered locomotor behavior of cats after a hemisection and immediately after a complete spinalization. This would be impossible to achieve by simply comparing normal cats and then spinal cats, since the latter take 2-3 wk to recover locomotion (Barbeau and Rossignol 1987) .
In previous experiments, we showed that after a hemisection of the spinal cord at the thoracic level, disrupting unilaterally the spinal locomotor circuitry from the brain, asymmetries between hindlimbs (HL) took place as measured by several kinematic (Barrière et al. 2010 ) and electromyography (EMG) parameters (Martinez et al. 2011b ). More importantly, isolating the spinal locomotor circuitry from all remnant supraspinal inputs by performing a complete SCI two to three segments below the hemisection led to an immediate reexpression of HL locomotion at high speed (0.8 m/s) in the majority of the cats (Barrière et al. 2008; Martinez et al. 2011b) . Thus the dual spinal lesion paradigm allowed us to reveal that after a partial SCI, the recovery of HL locomotion probably results not only from compensatory activity in the remaining intact descending pathways but also from plastic changes occurring within spinal neural circuits below the lesion. We have indeed shown that some changes in spinal reflexes seen after hemisection could be maintained after spinalization, suggesting an enduring change even in very simple spinal pathways . Although these previous studies demonstrated that a partial SCI promotes reorganizations at the spinal level, none evaluated changes in the dynamic relationships between the step cycle and its phases that underlie adaptation to speed. Can these canonic relationships be changed in conditions such as hemisection or complete spinal section? Do such changes occur differently in both HLs when only one side of the cord is severed? Do changes occurring in the hemisected state persist after complete spinalization?
To address these issues, we performed, in a cohort of six adult cats, a first partial SCI at T 10 on the left side (i.e., a hemisection) to disconnect unilaterally the spinal cord from its supraspinal inputs (Barrière et al. 2008 (Barrière et al. , 2010 Martinez et al. 2011b) . After a 3-wk period during which the locomotion was monitored but cats were not trained, the spinal cord was completely cut at T 13 , i.e., two to three segments below the hemisection, to remove all remaining supraspinal influences (Martinez et al. 2011b) , and treadmill locomotion was also evaluated during the 3-wk period after complete spinalization. During the whole paradigm, we measured the various subcomponents of the step cycle (swing, stance, swing subphases) and plotted the relationships between the cycle or swing period and their subphases at various treadmill speeds. We first assessed the capacity of the spinal circuitry to adapt to a partial and then a total loss of supraspinal inputs by comparing these relationships over time for each HL. Second, because a hemisection induces an asymmetric state of locomotion and could actually reconfigure the spinal locomotor circuitry in an asymmetric way, the cycle/phase relationships obtained for each HL were compared at each delay.
The results show, first, that after a hemisection, the intrinsic structure of the cycle and swing are altered in both HLs such that the cycle and swing periods can change by adapting the duration of each subphase to speed. Second, removing all supraspinal inputs by the spinalization revealed that the new mode of locomotor control observed after hemisection was retained for a long time, but only on the side of the previous hemisection, while the right HL made continuous adjustments to catch up with the left HL. These results emphasize the important flexibility in neural control of locomotion even at the spinal locomotor generator level itself. In addition, we have shown, for the first time, that disrupting unilaterally the CPG from its supraspinal inputs by the hemisection induced a durable reorganization at the spinal level, indicating the potential to change chronically some aspects of the locomotor circuits. This work has been presented in abstract form (Martinez et al. 2011a ).
METHODS
Animal care. All procedures followed a protocol approved by the Ethics Committee at the Université de Montréal, according to the Canadian Guide for the Care and Use of Experimental Animals. The wellbeing of the cats was monitored daily and verified regularly by a veterinarian. Cats were housed in individual cages (104 ϫ 76 ϫ 94 cm) with food and water, as in previous studies (Barrière et al. 2008 (Barrière et al. , 2010 Martinez et al. 2011b) . Such housing limits sensorimotor experience and self-training. After the spinal lesions were achieved, foam mattresses were placed in the cages and cats were attended to one to two times per day to clean the head connectors, manually express the bladder, and clean the hindquarters when necessary.
General outline of the dual lesion paradigm. Adult female (n ϭ 3) and male (n ϭ 3) cats weighing from 2.5 to 4.8 kg were first selected for their ability to walk regularly and continuously for several minutes (10 -15 min) on a motor-driven treadmill at different speeds (0.4 -0.8 m/s). Thereafter, all cats were engaged in a dual spinal lesion paradigm (Fig. 1A) as described in a recent study (Martinez et al. 2011b) . After control recording sessions (n ϭ 2-3) to obtain baseline kinematic values for locomotion in the intact state, all cats underwent a hemisection targeting the left side of the spinal cord at T 10 . The treadmill locomotor performances were assessed once a week in all cats for a period of 15-20 min needed to record quadrupedal walking at different speeds (0.4 -1 m/s). Cats were then confined to their cages for the rest of the time. Three weeks after hemisection, a complete transection (i.e., spinalization) of the spinal cord was achieved at T 13 , i.e., three segments below the previous hemisection. In all cats, HL locomotion was then evaluated as early as 24 h postspinalization and then once a week for 3 wk while the forelimbs were kept on a stationary platform fixed at about 2 cm above the treadmill.
Surgical procedures. All spinal lesions were done under general anesthesia and aseptic conditions. Animals were first subcutaneously injected with an analgesic (2 mg/kg Anafen) and premedicated with 0.1 mg/kg Atravet, 0.01 mg/kg glycopyrrolate, 10 mg/kg ketamine, administered intramuscularly. An endotracheal tube was then inserted to maintain a gaseous anesthesia (2% isoflurane in a mixture of 95% O 2 -5% CO 2 ). Heart rate and respiration were monitored throughout the surgery. Before the end of the surgery, an analgesic (0.01 mg/kg buprenorphine) was administered subcutaneously. In addition, a patch of fentanyl (25 g/h) was applied on the skin for 5 days to alleviate pain. At the end of the surgery, animals were placed in an incubator until they regained consciousness and then housed in their individual cages with food and water. As a prophylactic measure, an oral antibiotic (Cephatab or Apo-cephalex, 100 mg/day) was given for 10 days following each surgery.
Spinal lesions. The general procedure for spinal lesions was similar to that described in previous works (Barrière et al. 2008 (Barrière et al. , 2010 Martinez et al. 2011b) . For the partial spinal lesion, T 10 -T 11 vertebrae were exposed and a small laminectomy was performed to approach the spinal cord dorsally. A small incision of the dura was first made and a few drops of a local anesthetic (2% xylocaine) were put on the surface of the exposed spinal cord. Some anesthetic was then injected directly into the targeted segment to reduce brisk movements during the actual section and thus better control the extent of the lesion. Hemisections on the left side were achieved with microscissors under a microscope. An absorbable hemostat (Surgicel; oxidized regenerated cellulose) was used to fill the lesioned area to control bleeding and prevent potential axonal regrowth through the gap. The wound was then closed in anatomic layers. The same methodology was used for the complete spinalization at T 13 except that the lesion gap was completely filled by being packed firmly with Surgicel.
Histology. Three weeks after spinalization, the animals were prepared for acute experiments that are not presented in this report. At the end of these experiments, cats were given a lethal dose of intravenous pentobarbital sodium solution. A piece of spinal cord segment between T 8 and L 1 was carefully dissected out and fixed in 10% paraformaldehyde for several weeks. The blocks were cryoprotected by successive transfers into increasing concentrations (10, 20, and 30%) of sucrose solution in 0.1 M phosphate buffer for 72 h at 4°C. For histological examination, the spinal cord was frozen and 40-mthick coronal sections of a spinal cord segment of 4 mm centered on the lesion were taken using a cryostat. Every section was mounted on a slide and stained with cresyl violet. Under microscope visualization, a qualitative and quantitative evaluation of the damaged area was performed by using all the coronal sections in which the lesion was visible (Fig. 1B) .
Kinematic analyses and recordings. During episodes of locomotion, cats were recorded from the left side with a digital video camera and the data stored on hard disk. Video images were de-interlaced to yield a resolution of 60 fields/s or 16.6 ms between fields. Reflective markers were placed on the left and right hind foot at the tip of the toes of both HLs to determine the periods of stance and swing. The periods of stance and swing at the HL levels were determined by visually tagging foot contact and lift off on video images. The amplified (Neuralynx; Lynx-8 amplifiers) and filtered (bandwidth 100 Hz to 3 kHz) EMG signals were digitized at 1 kHz (National Instruments, model NI-6071E) and stored on a computer.
Cycle period (CP), defined as the time between two successive foot contacts, is composed of two subphases, a stance phase (St) and a swing phase (Sw) (Fig. 1C) . Stance and swing duration correspond, respectively, to the time between foot contact and toe off (swing onset) and the time between toe off and foot contact (stance onset). In cases where these kinematic events were not very distinct, we have defined the onset of swing as the onset of forward foot movement and the onset of stance as the onset of HL backward movement.
The swing period is composed of two subphases, i.e., a flexion phase (F) and a first extension phase (E1). During the first part of the swing, i.e., the F phase, all the HL joints are flexed to lift the foot off the ground. While the hip is still flexing and the limb is brought forward, the knee and ankle start to extend, and this constitutes the onset of the E1 phase. Afterward, the hip also starts to extend and the limb touches ground, initiating the stance phase (E2). It is important to highlight that one of the most important events in the cycle is the foot touchdown, i.e., the end of E1 phase (Halbertsma 1983) . The proper control of this event is important to ensure proper foot positioning to accept weight and provide a stable support. Because the onsets of F phases in the different joints do not always occur simultaneously, we relied on the ankle excursion ankle according to the Philippson scheme (Philippson 1905) to calculate the F and E1 phases. The F phase was determined as the time between the onset of the swing (i.e., toe off) and the point of minimal excursion of the ankle. The E1 phase was calculated as the time between the point of minimal excursion of the ankle and the onset of the stance (i.e., foot contact) (Fig. 1D) .
Statistical analyses. Analyses were performed with PASW (PASW Statistics 18.0) and STATGRAPHICS Centurion XVI.I. The CP, composed of two phases, a stance (St) and a swing (Sw) phase, and can change by varying the duration of either phase (St or Sw) or both concurrently ("covariance"). The swing period is composed of two subphases: an extension (E1) phase and a flexion (F) phase. Swing period can change by varying the duration of either phase (E1 or F) or both concurrently (covariance). In all cats, we first calculated the duration of CP, Sw, St, E1, and F at the treadmill speed of 0.4 m/s. Second, using cycle/swing periods and their subphase durations obtained at speeds ranging from 0.4 to 0.8 m/s (12-20 cycles per cat), we also plotted the relationships between the cycle/swing period (independent variable) and their subphases (dependent variable; St and Sw for CP; E1 and F for Sw) by performing simple linear regression analyses. These analyses provide a phase-cycle relationship for stance [r(St)] and swing [r(Sw)] and a phase-swing relationship for F [r(F)] and E1 [r(E1)]. An F-test was used to determine whether the regression was significant.
In six cats, we first tested the effect of delay, i.e., how the cycle and swing structures varied in each limb as a function of time. Because the data presented homogeneous variances (Levene test), we compared data obtained at different epochs of the dual lesion paradigm, i.e., in the intact state, 3 wk after hemisection (hemispinal 21), and 1 and 21 days after the subsequent spinalization (S1 and S21, respectively) by using one-way ANOVA and multiple regression analyses. To perform multiple regression analyses, each dependent variable (St, Sw, F, and E1 duration) was compared against three independent variables [cycle or swing duration, delay (intact, hemispinal 21, S1 and S21), and C: episode of treadmill locomotion in an intact cat. Cycle period (CP), defined as the time between 2 successive foot contacts, is composed of 2 subphases, a stance phase (St), illustrated by duty cycles (gray horizontal bars), and a swing (Sw) phase. lHL, left hindlimb; rHL, right hindlimb. D: angular excursion of the ankle joint averaged over 20 cycles. F (flexion phase) and E1 (first extension phase) refer to the subdivisions of the swing according to Philippson (1905) . The F phase was determined as the time between the onset of the swing (i.e., toe off) and the point of minimal excursion of the ankle. The E1 phase was calculated as the time between the point of minimal excursion of the ankle and the onset of the stance (i.e., foot contact).
cycle duration ϫ delay]. The regression coefficient for cycle period ϫ delay was used to determine whether the slopes of cycle or swing subphases were significantly different between delays. When the P value of the ANOVA was Ͻ0.05, multiple comparisons (paired t-tests supplemented with a Bonferroni correction) were performed. In all figures, statistical differences between time points are indicated by asterisks.
Second, because the first SCI was a unilateral hemisection, i.e., an asymmetric lesion, we compared data obtained for each HL at each time point by using unpaired t-tests and multiple regression analyses. The same kind of analysis was performed to compare the slopes of the two HL such that the coefficients of regression for the left (l) and right (r) HL subphases as a function of the cycle period are compared and significance is determined at P Ͻ 0.05. Statistical differences between the left and right HL are indicated by the symbol #. Data are means Ϯ SD.
RESULTS
Lesion size. In all cats, the first SCI targeted the left side of the spinal cord and involved the almost complete left hemicord (Fig. 1B) as described in our recent article (Martinez et al. 2011b) . The damaged tissue (gray) represented 44.4 Ϯ 4.4% of the total spinal cord area. In all cases, the lesions spared the most medial part of the left ventral funiculus containing the reticulo-and vestibulospinal fibers, as well as uncrossed corticospinal fibers from the motor cortex ipsilateral to the hemisection. In cats 2, 3, and 4, the dorsal column on the right side was partially damaged but the right lateral and ventrolateral quadrants were unaffected, indicating the integrity of the corticospinal and rubrospinal tracts on the right side.
Adaptation in the neural control of the locomotor cycle after partial SCI. In the intact state, the stance phase was longer than the swing phase (left HL: St ϭ 628.6 Ϯ 55.0 ms; Sw ϭ 297.5 Ϯ 28.6 ms; compare filled bars in Fig. 2A ) and the duration of the cycle and subphases was similar on both sides, i.e., symmetric between sides (926.1 Ϯ 56.6 ms; compare left and right HLs in Fig. 2, A and B) . As also reported in previous studies (Brustein and Rossignol 1998; Halbertsma 1983; Jiang and Drew 1996; Wetzel et al. 1976) , the duration of the stance correlated more As reported previously (Martinez et al. 2011b) , cycle duration is reduced transiently on both sides for a week after the hemisection. However, 21 days after hemisection, the duration of the step cycle recovered to control levels in both HLs while reciprocal significant changes occurred within the two HLs subphases duration (Fig. 2, A and B, hatched bars) . To reduce the time spent by the HL on the affected side (left), the stance phase was shortened in that limb (515.8 Ϯ 57.2 ms), and this was achieved by a phase advance of the foot contact and a necessarily longer swing phase (353.3 Ϯ 78.9 ms). To compensate for the changes in the left HL, the right HL was used more intensively, and this was achieved by a discrete increase in the duration of the stance phase and a decrease in the swing phase on the right side relative to the left side. In addition, whereas the cycle period mainly changed by varying the duration of the stance in intact cats [ Fig. 2C , r(St) ϭ 0.97], the cycle period of the left HL changed by varying the duration of both stance and swing phases after hemisection [ Fig. 2E , P St(i-H21) and P Sw(i-H21) Ͻ 0.0001; Table 1 ]. This result contrasts with the notion of an invariant swing period whatever the environmental constraints reported in intact and lesioned cats (Halbertsma 1983; Wetzel et al. 1975) . Here the swing phase duration varies with speed, as does the stance phase, and both phases control the step cycle duration after spinal lesion. Some changes also occurred on the right side such that the swing-and stance-cycle period regression slopes respectively decreased and increased [ Fig. 2F , P St(i-H21) and P Sw(i-H21) Ͻ 0.0001; Table 1 ] and were therefore complementary to those observed on the left side. The bilateral changes observed on both sides ensured that the step cycle duration was symmetric despite some asymmetries in the internal structure of the locomotor cycle (see Fig. 2 , B-F, for comparison of left and right HL; Table 1 ).
In summary, whereas the cycle period changes by varying mostly the duration of the stance in normal conditions, a unilateral hemisection induces bilateral changes in the cycle structure, thus revealing that the cycle period can change by adapting the duration of each subphase. These findings show that the intrinsic structure of the step cycle can be changed by a partial spinal lesion, revealing an important flexibility in neural control of the cycle.
Spinalization reveals intrinsic spinal changes. The key question is whether the changes observed after hemisection at T 10 are produced by modification of supraspinal inputs or whether they result from intrinsic spinal changes. To answer this question, we performed complete spinalization at T 13 , three segments below the hemisection. Compared with that observed 21 days after hemisection, i.e., just before the complete SCI, the cycle duration of both HLs slightly decreased 1 day after spinalization (Fig. 3, A and B, hatched bars) and remained stable thereafter (Fig. 4, A and B, hatched bars) . Interestingly, the spinalization revealed that the cycle structure observed 21 days after hemisection (i.e., just before the spinalization) was only changed on the right side (i.e., the HL unaffected by the first SCI) (Figs. 3 and 4) . Indeed, compared with that observed 21 days after hemisection, the cycle structure of the left HL (i.e., the HL previously affected by the prior hemisection) remained unchanged 1 day (Fig. 3 , A-C) and even for 21 days (Fig. 4 , A-C) after spinalization such that this HL behaved the same as it did before the complete SCI (Table 1) . By contrast, the cycle structure of the right HL (i.e., the HL unaffected by the hemisection) was changed immediately (Fig. 3 , B-D; Table 1 ) and again 3 wk after spinalization (Fig. 4 , B-D; Table 1 ). More specifically, the stance duration of the right HL decreased dramatically 1 day after spinalization (Fig. 3B ) and remained unchanged thereafter (Fig. 4B ). In addition, 1 day after spinalization, the cycle period of the right HL changed by varying the duration of both stance and swing phases [ Fig. 3D , r(St) ϭ r(Sw), P Ͻ 0.001] as observed for the left HL after the two SCIs (Figs. 2E and 3C). Three weeks after spinalization, new changes again occurred for the right HL such that the cycle varied as a function of the stance only [ Fig. 4D , r(St) ϭ 0.93, P Ͻ 0.001; r(Sw) ϭ 0.06, P ϭ 0.217 (not significant); P St(S1-S21) and P Sw(S1-S21) Ͻ 0.0001; Table 1 ].
In summary, the spinalization revealed that the hemisection had promoted durable intrinsic spinal changes, because the new mode of locomotor control observed for the HL affected by the hemisection (Fig. 2, A-E; Table 1 ) was carried over after spinalization (Figs. 3, A-C, and 4 , A-C; Table 1) .
Flexibility in the neural control of swing components. As described above, the more drastic and long-lasting changes were observed for the swing phase-cycle period relationships on the left side. Indeed, whereas the swing phase remained relatively invariant with the cycle period in normal walking (Fig. 2, C and D) , its contribution to the regulation of the cycle period dramatically increased on the side of the hemisection ( Fig. 2E; Table 1 ), and this phenomenon was even retained by the spinal circuitry after spinalization ( Figs. 3C and 4C ; Table  1 ). What could explain such changes in the swing-cycle period relationships? To further understand these changes, we investigated whether changes in the structure of the swing itself occurred after hemisection and spinalization. Because F and E1 durations were calculated in part from angular excursion of the ankle that depended on video data, the analysis could be only performed on the side recorded by the camera (i.e., the left side).
During normal walking at 0.4 m/s, the relative proportion of F and E1 phases in the swing was comparable (F: 49.2 Ϯ 4.2%; E1: 50.8 Ϯ 4.2%) (Fig. 5A) , and the swing period changed mainly by varying the duration of E1 phase [r(E1) ϭ 0.79, P Ͻ Twenty-one days after hemisection (Hemispinal 21) on the left side, the stance-cycle and swing-cycle relationships of the left hindlimb (HL) respectively decreased and increased, whereas complementary changes occurred for the right HL. After all supraspinal inputs were suppressed by complete spinalization, the changes observed for the left HL after hemisection were maintained over the 3-wk period following the complete spinal lesion. In contrast, on the right side, the relationships between the cycle and its subphases were changed 1 day (Spinal 1) and again 21 days after spinalization (Spinal 21). 0.001; r(F) ϭ 0.60, P Ͻ 0.001, Fig. 5B ] as previously reported (Goslow et al. 1973; Grillner 1975; Halbertsma 1983; KuhtzBuschbeck et al. 1996) .
Twenty-one days after hemisection, the ankle extension was delayed in the swing period such that the proportion of F and E1 phases in the swing of the left HL respectively increased (71.4 Ϯ 6.1%) and decreased (28.6 Ϯ 6.1%) compared with control values (Fig. 5A ) as previously observed in a similar lesion model (Kuhtz-Buschbeck et al., 1996) . Whereas in the intact state the swing period varied mainly as a function of E1, the swing period changed mainly by varying the duration of the F phase after hemisection [ Fig. 5C , P F(i-H21) Ͻ 0.0001].
After spinalization, the proportion of the swing occupied by F and E1 phases progressively returned to control values over the third week (Fig. 6A) . As already reported after hemisection, the control of the swing period is mainly assumed by the F phase in the acute (Fig. 6B ) and chronic stages (Fig. 6C) after spinalization. In contrast to that observed for the F-swing period relationships that remained little affected by the spinalization, the E1-swing relationships were more variable and respectively increased and decreased 1 [ Fig. 6B , P E1(H21-S1) Ͻ 0.001] and 21 days [ Fig. 6C , P E1(S1-S21) Ͻ 0.001] after spinalization.
In summary, the cycle and swing components appear to be flexible, especially their flexion phases that could be persistently changed after SCI, by contrast to other conditions (Grillner 1975; Halbertsma 1983 ). These results demonstrate the intrinsic potential of adaptability in the neural spinal circuits controlling locomotion.
DISCUSSION
In the present study, we evaluated the capacity of spinal locomotor circuits to adapt and reorganize in response to a partial and then a total loss of brain inputs by studying intrinsic changes of the cycle structure as a function of speed. What this report shows, in addition to previous publications on the dual spinal lesion paradigm (Barrière et al. 2008 (Barrière et al. , 2010 Martinez et al. 2011b ) is that after a hemisection, the intrinsic structure of the cycle and swing are altered in both HLs such that the cycle and swing periods can change by adapting the duration of both subphases (i.e., stance and swing or F and E1, respectively). This result suggests that both the flexor and extensor components of the spinal CPG can be independently regulated. In addition, the complete spinalization revealed that the changes in locomotor characteristics observed after hemisection could be retained for a long time, but interestingly, only on the side of the previous hemisection (left side), while the right HL made continuous adjustments to catch up with the left HL. The latter result emphasizes the flexible coupling between both HLs as seen during various forms of gait (walk, gallop) or during differential speed adaptation (Goslow et al. 1973; Pearson 2000) . In addition, we have shown, for the first time, that disrupting unilaterally the CPG from its supraspinal inputs by a spinal hemisection induced durable changes at the spinal level, again suggesting an important capacity of the spinal cord to change with previous experience.
Flexibility in the neural control of locomotion. Several studies have suggested that, under normal conditions, the ] between the 21st day after hemisection (blue dotted lines) and the 1st day after spinalization (S1; red lines) in 6 cats walking at 0.4 -0.8 m/s (12-20 cycles per cat). *P Ͻ 0.05; ***P Ͻ 0.001, statistical differences between the hemispinal state and S1. ##P Ͻ 0.001, statistical differences between the left and right HL.
locomotor circuits are hard-wired to produce adjustments of step cycle duration mainly by modulating the duration of extensor bursts rather than flexor bursts (Goslow et al. 1973; Halbertsma 1983; Prochazka et al. 2002 ). However, a major result of our study is that the control of cycle period and phase duration is flexible and can adapt after SCIs. These results raise the question of the mechanisms sustaining the major structural changes of the cycle after SCI. It is conceptually useful to consider the core of the rhythm generator within the CPG (the "clock function") as a set of coupled oscillators, one for flexion and one for extension, with reciprocal connections (Brown 1911; Kiehn 2006; McCrea and Rybak 2008) (Fig. 7A) . Dominance of a particular phase, i.e., stance (namely, extensor dominated) or swing (namely, flexor dominated) in determining cycle period is explained by an increased excitability in either oscillator that probably contributes to adapt the locomotor behavior to the environmental constraints. From our study and those using fictive preparations (Frigon and Gossard 2009; Yakovenko et al. 2005) , it is clear that the rhythm generator can operate in either mode, i.e., flexor-or extensor-dominated mode, or even in both modes, thus demonstrating that separately adjustable timing elements for flexion and extension are required.
Of great importance in our model is the fact that the timing and structure of the rhythmic pattern may be changed by the additive interaction of descending and sensory inputs acting on the CPG . Indeed, in case of a unilateral and then a complete SCI, the level of supraspinal and sensory inputs accessing the CPG is changed, and this situation functionally requires a different type of locomotor control. After a unilateral hemisection, the HL on the side of the hemisection had lost most of its descending modulatory inputs while the other HL remained actively controlled. After hemisection, cats displayed a limping pattern on the side of the SCI consisting of a reduced support phase (i.e., stance) on that side while the other HL mainly served to support the body weight. Consistently, as described in our recent article (Martinez et al. 2011b) , the activity within extensor muscles was shown to increase on the right side while mirror effect occurred on the left side, where the hemisection was performed. These results suggest that after hemisection on the left side, the forces exerted on the ground during walking and postural adaptations are more important and best controlled on the right side than on the left. The increased level of sensory inputs imposed to the unaffected HL after hemisection could be implicated in prolonging the stance phase, as previously observed (Frigon and Rossignol 2006; Pearson 1993 Pearson , 2008 Rossignol et al. 2006; Whelan et al. 1995) . Moreover, the persistence of remnant supraspinal inputs (in conjunction with increased sensory signals) accessing the CPG for that HL could lead to a greater excitability within the extensor than the flexor rhythm generator, in contrast to that in the affected HL (Fig. 7B) .
In addition, the more drastic and long-term changes in the control of the cycle and swing periods were observed on the side of the hemisection such that the relationships between the flexion phases (swing and F) and the cycle or swing periods dramatically increased. Whereas in intact cats the cycle and swing duration change by varying mainly the stance and E1 phase, respec- ] and swing ] between the 1st (red dotted lines) and the 21st day after spinalization (green lines) in 6 cats walking at 0.4 -0.8 m/s (12-20 cycles per cat). n.s., not significant. ***P Ͻ 0.001, statistical differences between the S1 and S21. ###P Ͻ 0.001, statistical differences between the left and right HL. . Acute and chronic effects of the spinalization on the swing structure of the left HL. A: changes in the relative proportion of the swing period occupied by F and E1 (in %) between the 21st day after hemisection and the 1st and 21st days after spinalization during treadmill walking at 0.4 m/s (6 cats, 12-20 cycles per cat). Values are means; error bars represent SD. B: comparisons of the phase-swing regression slopes for F [P F(H21-S1) ] and E1 ] between the 21st day after hemisection (blue dotted lines) and the 1st day after spinalization (red lines) in 6 cats walking at 0.4 -0.8 m/s (12-20 cycles per cat). C: comparisons of the phase-swing regression slopes for F [P F(S1-S21) ] and E1 ] between the 1st (red dotted lines) and the 21st day after spinalization (green lines) in 6 cats walking at 0.4 -0.8 m/s. (12-20 cycles per cat). **P Ͻ 0.01; ***P Ͻ 0.001, statistical differences between the intact and hemispinal state.
tively, during treadmill locomotion (Halbertsma 1983; KuhtzBuschbeck et al. 1996) , the relationships between the flexion phases and the cycle and swing period increased after hemisection. Changes in the swing-cycle period relationships were previously observed in cats with bilateral lesions of the dorsolateral funiculus (Gorska et al. 1993) , whereas bilateral lesions of the ventrolateral funiculus did not produce this effect (Brustein and Rossignol 1998) . These results support the viewpoint that pathways running in the dorsolateral funiculi (i.e., cortico-and rubrospinal tracts) may play a key role in the maintenance of the proper structure of the cycle (Bretzner and Drew 2005; Drew 1991; Yakovenko et al. 2005) . The flexion phases (swing and F) thus appear more sensitive to the loss of supraspinal inputs than the extension phases (stance and E1).
In the same line, we have shown that after the second SCI, which disrupted the remnant descending pathways on the right side, the right HL behaved similarly to the left one after the first hemisection (see Fig. 7B , left side, and Fig.  7C , right side), thus corroborating the fact that the loss of descending inputs is mainly responsible of the adaptation of the cycle structure.
Furthermore, the differential cycle structures observed between HLs after the SCIs (Fig. 7, B-D) strengthens the idea of a flexible coupling between separate locomotor centers controlling the HLs. The left and right CPG, although in constant interaction to coordinate the left/right activity, can independently adapt their operating mode as observed in several situations and obviously when each HL has to walk at different Fig. 7 . General schemes of changes in locomotor phases control at various times of the dual spinal lesion paradigm. These schemes are subdivided into 2 levels. The supraspinal level, which includes descending pathways from the telencephalon and brain stem, is in part involved in modulating characteristics of the spinal locomotor central pattern generator (CPG) and the excitability of transmission at motoneuronal level. The spinal cord level includes the CPG, illustrated as reciprocally inhibited flexor (F) and extensor (E) networks. These 2 antagonist phases of the CPG are separated to indicate that each part may exert an influence on other spinal mechanisms as well as interact between each other. Motoneuron (MN) pools project to several hindlimb (HL) flexor (red) and extensor (blue) muscle fibers. The motor output, especially the control of the cycle period and phases, is determined by the level of excitability in E and F networks. An increased or decreased excitability at each level is respectively noted as ϩ or Ϫ. A: in the intact state, the supraspinal level normally interacts with the spinal level. In this case, the stance phase (i.e., the extensor phase) mainly determines the cycle period. B: disrupting unilaterally the spinal cord from its supraspinal inputs via hemisection led to an increased modulation of the cycle period by the swing phase while the stance phase decreased on the left side, which could be explained by a respective increased and decreased excitability within F and E networks. Complementary changes were observed on the right side. One day (C) and even 21 days after spinalization (D), the cycle structure was maintained on the left side and kept the same characteristics as during the hemispinal state, thus suggesting that the level of excitability within the spinal networks were preserved on that side. During the same period, changes in the cycle structure occurred on the right side. Interestingly, the right HL cycle structure observed 1 day after spinalization, i.e., immediately after the disruption of descending pathways on the right side, was comparable to that observed for the left HL after hemisection.
treadmill speeds, as is the case while turning (Forssberg et al. 1980; Halbertsma 1983; Yang et al. 2,005) .
Evidence and mechanisms of spinal plasticity after partial SCI. The results presented above raise a major question: are the changes in the control of locomotor cycles observed in both HLs after hemisection attributable to plastic reorganization within the locomotor CPG itself, or are they due to other types of compensations? By performing the spinalization 3 wk after the spinal hemisection, we isolated the spinal cord from its supraspinal influences and showed that the new mode of locomotor control observed after hemisection was retained only for the HL on the side of the previous hemisection (Figs. 3C and 4C; Table 1 ). These changes were thus imprinted within the CPG and are imputable to the first SCI, because the cycle structure was shown to remain unchanged in spinal animals that were not submitted to a partial SCI a priori (Barbeau and Rossignol 1987; Lovely et al. 1990 ). In contrast, as new changes in the cycle structure occurred for the right HL after spinalization (Figs. 3D and 4D ), one can suggest that the adaptations observed in the right HL cycle structure after hemisection were mainly attributable to a change of activity within remaining descending inputs travelling on the intact side of the spinal cord (Fig. 7B) .
What are the mechanisms involved in this spinal remodeling? First, after a unilateral hemisection, compensation by remnant descending inputs could be involved in reshaping the CPG. To deal with partial loss of brain inputs and to produce locomotor behavior after hemisection, the spinal cord could have been imprinted by new descending commands and therefore "memorized" a new mode of functioning . Consistently, in a previous study using this paradigm, asymmetric reflex changes occurred between HLs after hemisection, and these changes were largely retained after the subsequent spinalization ). This "memory trace" within the spinal circuits (Wolpaw and Lee 1989 ) depends on descending pathways that are thought to trigger enduring asymmetric changes in the spinal cord. In addition, compensation by descending fibers may take other forms. Damaged pathways may regenerate, or undamaged pathways may sprout or change the efficacy of their transmission (for a review, see Martinez and Rossignol 2011) . In doing so, new circuits could result from new anatomic connections or from enhanced connectivity in remaining pathways.
Second, anatomic and/or functional changes at the spinal cord level itself may contribute to the asymmetric spinal remodeling observed. After hemisection, sprouting of sensory afferents has been reported on the lesion side (Helgren and Goldberger 1993; Murray and Goldberger 1974) , and several segmental reflexes have been shown to become asymmetric Malmsten 1983a, 1983b; Malmsten 1983; Muir et al. 1998) . Changes within the functional connectivity of the CPG following a lesion within the intrinsic circuitry have also been reported in mollusks, explaining recovery of escape behavior without the need for regeneration (Sakurai and Katz 2009 ). In addition, and in accordance with our results, several studies have previously shown asymmetric changes imprinted in the spinal circuitry that were revealed by a complete SCI Rossignol 2003a, 2003b; Frigon and Rossignol 2008; ).
Taken together, these results clearly highlight the impact of past experience in the recovery of locomotion and suggest that throughout the recovery period after the first lesion (nerve lesion or partial SCI), supraspinal and spinal mechanisms were at play to correct the locomotor pattern. The complete SCI also revealed that profound spinal reorganizations had occurred after the partial SCI and were probably also involved in the recovery of locomotion.
General conclusion. Using a unique dual spinal lesion paradigm in the cat, we have provided evidence that after an incomplete SCI, intrinsic and durable changes occur within the spinal circuitry itself under the guidance of remnant supraspinal signals. An important insight is that some of these spinal changes can be seen to persist after a further complete spinal section some segments below, indicating that past experience can imprint the spinal cord durably and even change some basic dynamical relationships between components of the CPG (flexion, extension). The possibility of changing these cycle components independently on the right and left side ensures that walking in a straight line can still be possible despite very asymmetric inputs such as those seen in various diseases (i.e., stroke).This main result highlights the remarkable potential of flexibility in the neural control of locomotion and gives new insights into the organization of the spinal locomotor circuitry. Together, these results provide evidence that the spinal cord can, up to a certain point, be changed by long-term exposure to various experiences, an important concept for rehabilitation of locomotion after various lesions of the central nervous system.
